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The northern range of the blacklegged tick (Ixodes scapularis) is expanding, and with it,
the pathogens it vectors, including Borrelia burgdorferi, Anaplasma phagocytophilum, and
Babesia microti. As the range of I. scapularis expands, understanding the impacts of land
management practices on tick habitat and the wildlife communities that impact pathogen
transmission may lead to vector-borne disease management. To determine the effects of timber
harvesting on tick abundance and pathogen prevalence, for two consecutive years, we conducted
an observational field study at five study sites in Hancock County, Maine, a hotspot of Lyme
disease incidence in humans. Each study site consisted of two experimental units, one harvested
(i.e., harvested within the past 5 years) and one control (i.e., not harvested in the past 20 years).
In each experimental unit, we established a 3600 m2 grid and measured off-host tick densities,
wildlife, and microclimate conditions. Each week, from June to July, tick dragging was
conducted in control and harvested treatments to measure tick density and to collect I. scapularis
nymphs for pathogen testing. In 2019, temperature and relative humidity were measured to
assess microclimate differences between control and harvested treatments. Small mammals were

trapped during July and August, the peak activity period of nymphal and larval I. scapularis, and
to determine the number of feeding ticks, ticks were counted on the head and ears. Camera traps
were deployed, corresponding with trapping sessions, to assess the activity of deer and predators
of small mammals; the former is an important host for adult I. scapularis ticks and can contribute
to long-distance dispersal of ticks, while the latter may impact disease transmission. Ixodes
scapularis nymphs were tested for B. burgdorferi, as well as two less prevalent emerging tickborne pathogens in Maine, Babesia microti and Anaplasma phagocytophilum. Overall, we found
that timber harvesting decreased the presence of I. scapularis. This finding might be explained
by higher maximum temperatures and maximum vapor pressure deficits in areas harvested for
timber reducing I. scapularis questing activity and/or survival in harvested areas. There were
significantly fewer individual small mammal captures per 100 trap nights in harvested treatments
that could explain observed differences in blacklegged tick presence among treatments. We
tested the effects of timber harvesting on other wildlife community metrics (i.e. small mammal
species diversity, Peromyscus spp. population sizes, large mammal species diversity, deer
activity and predator activity) in this study, and none of these appeared to be impacted by timber
harvesting. In summary, this study reveals the potential to manage tick-borne disease exposure
risk via forest management. In particular, management practices have the potential to reduce offhost tick survival and/or questing activity and therefore decrease the transmission of tick-borne
diseases.
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CHAPTER 1: INTRODUCTION TO THE LYME DISEASE SYSTEM
1.1 Background
Lyme disease, caused by the bacteria Borrelia burgdorferi, is the most common vectorborne disease in North America (Centers for Disease Control and Prevention (CDC), 2017). The
pathogen, along with numerous other emergent pathogens, including Anaplasma
phagocytophilum and Babesia microti, is transmitted by the blacklegged tick (Ixodes scapularis),
which has been spreading from southern to northern Maine since the first human cases were
reported to the CDC between 1986 and 1988 (Smith 1990). However, the mechanisms causing
the range shift of I. scapularis are underexplored.
As the vector’s range expands, so do those of its associated pathogens. Lyme disease
was first identified in Connecticut in 1975 when a cluster of children reported symptoms similar
to those of arthritis (Steere et al. 2004); the causative spirochete bacterium, Borrelia burgdorferi,
was not isolated and identified until 1982 (Burgdorfer et al. 1982). In 2017, there were more
than 40,000 human Lyme disease cases reported to the CDC; an almost 9 percent increase over
the number reported in 2016 (CDC 2019). The reported number is estimated to be 10 times
lower than the actual number as the disease is underreported (CDC 2019). Anaplasma
phagocytophilum was first identified as a human pathogen in Wisconsin in 1990 (Dumler et al.
2005), while Babesia microti, the parasite that causes babesiosis, was first identified in the
United States on Nantucket Island, Massachusetts, in 1968 (Western et al. 1970). Human
incidence of both pathogens has been increasing over recent years. The emergence of these
pathogens is likely tied to the expanding I. scapularis range (Ogden et al. 2013).
In the northeastern United States, I. scapularis has a two-year life cycle with three
parasitic life stages (i.e., larva, nymph, and adult) and at each stage, the tick must feed on a host
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in order to molt to the next stage or reproduce (Figure 1). Ixodes scapularis seek hosts via
questing, where a tick passively waits on vegetation until sensing a potential host (Ostfeld 2011
p. 22-23). Thus, vector-host contact is the result of a chance encounter between a questing tick
and a vertebrate. I. scapularis spend more than 90% of their life cycles off-host digesting meals,
searching for the next host, or in diapause (Ostfeld et al. 2006).

Figure 1: The life cycle of I. scapularis. The two-year life cycle of I. scapularis and the most
common hosts of each stage (CDC 2011).

While ticks feed on infected mammals, pathogens are transmitted through the tick
mouthparts. The infection is facilitated by proteins in the salivary glands of the ticks, as well as
receptors that match proteins located on the cell membrane of pathogens (i.e. OSPA on Borrelia
burgdorferi) (Gulia-Nuss et al. 2016). Infection may influence tick survival, as A.
phagocytophilum infection can stimulate increased production of glycoproteins used for
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antifreeze within the tick, potentially increasing overwintering survival (Neelakanta et al. 2010).
Conversely, the expression of tick heat-shock proteins, stimulated by high temperatures and the
stress of blood feeding, also increases in response to pathogen infection. Heat-shock protein
expression is associated with increased questing speeds, possibly inflating the chances a tick will
contact a host, thus increasing potential survival (Busby et al. 2012). To determine the infection
prevalence of ticks, researchers study the density of nymphs in a given area (DON) and the
infection prevalence of those nymphs (NIP). Combining the density of nymphs and the density
of infected nymphs provides researchers with the density of infected nymphs (DIN), a common
entomological risk metric, in a given area (Allan et al. 2003).
Effectively managing tick abundance and infection prevalence means determining
conditions at which ticks are most vulnerable. Ticks are most vulnerable during earlier life
stages (i.e. eggs and larvae) due to their small size leaving them vulnerable to desiccation and
their limited ability to move to evade adverse conditions. Since unfed larvae cannot survive over
two winters, larvae must hatch from eggs and find a blood meal before the second winter (Ogden
et al. 2004). As ticks feed primarily on mammals and birds, the microclimate on-host is less
variable than on the ground. Therefore, the time off-host is when ticks are most vulnerable to
abiotic conditions (Ostfeld et al. 2006).
1.2 Effects of Microclimate on Tick Survival
Studies conducted in the laboratory and the field have been conducted to determine the
microclimate conditions affecting I. scapularis survival. Cooler spring and summer
temperatures result in proportionately more days questing for hosts before feeding and molting to
the next developmental stage. Ogden et al. (2004) developed a model from laboratory data to
predict when I. scapularis would enter the next life stage and tested their predictions against field
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data gathered by Lindsay et al. (1999). In their models, Ogden et al. (2004) used mean annual
degree days over zero degrees Celsius from a weather station, though weather stations do not
reflect the microclimate experienced by ticks. The model predicted the time for ticks to molt to a
new developmental stage within two weeks of those seen in the field. Ostfeld and Brunner
(2015) also discussed that rates of development are correlated with temperature. Ticks spend
most of their life cycle off-host on the forest floor, and the availability of shelter and protection
from changing humidity levels in leaf litter may increase tick survival (Ostfeld et al. 2006). Lab
experiments have shown ticks are susceptible to desiccation when humidity drops below 90%
(Ostfeld and Brunner 2015; Rodgers et al. 2007). However, the microclimate in leaf litter may
allow ticks to behaviorally avoid harsh environmental conditions (Bertrand and Wilson 1996).
Vapor pressure deficit, calculated using temperature and relative humidity measurements,
has been used in studies of rates of plant transpiration, and the concept can be extended to study
the likelihood that ticks may lose water to the air, a factor which can influence tick survival
(Bertrand and Wilson 1996). Lindsay et al. analyzed the microclimate in Long Point, Ontario,
Canada using dataloggers about three cm above the ground in four different forest types to
collect temperature and humidity data for two years. Their results found microclimatic
conditions, specifically the mean weekly temperature and vapor pressure deficit were correlated
with vegetation type. The microclimate influenced tick survival and therefore tick population
size (Lindsay et al. 1999).
Habitats vary in their microclimate suitability for off-host ticks; thus, as ticks seek refuge
from environmental conditions using microhabitat characteristics, it is necessary to understand
which habitat characteristics provide the best refuge. Studies have found higher risk to humans
associated with deciduous forest cover (Tran and Waller 2013). Lubelczyk et al. (2004) studied
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habitat associations of ticks in southern Maine to find that ticks were positively associated with
ferns, shrubs, deciduous litter, forest grasses, canopy closure more than 500 m, and discussed the
importance of leaf litter for tick survival. As the I. scapularis life cycle is dependent upon
environmental conditions, climate change and microclimate changes due to human land use have
been proposed as potential determinants of I. scapularis range expansion (Ostfeld and Brunner
2015; Gabriele-Rivet et al. 2017; Soucy et al. 2018).
At regional spatial scales, the average daily maximum temperature of counties in the
Northeastern United States has been correlated with a higher human incidence of Lyme disease,
which may be correlated to human exposure to ticks as humans are more active during warmer
months (Tran and Waller 2013). In Maine, land use change and climate change have been
occurring simultaneously, with land conversion from agricultural use to forest in southern Maine
(Lubelczyk et al. 2004). In the north of the state, where ticks have yet to become established,
climate may currently limit the tick due to abiotic factors (i.e. colder, longer winters and drier
summers) and habitat associations (i.e. fewer deciduous trees) (Lubelczyk et al. 2004).
1.3 Effect of Small Mammals on Tick Densities and Infection Prevalence
Because ticks cannot pass pathogens to progeny, they acquire pathogens from an infected
host, or reservoir. Reservoir hosts can acquire a pathogen (or multiple pathogens) from an
infected tick, amplify the pathogen, and transmit the pathogen to an uninfected tick. Borrelia
burgdorferi has spread so quickly over a large area in part due to its ability to infect multiple
species. Small mammals such as white-footed mice (Peromyscus leucopus), deer mice
(Peromyscus maniculatus), eastern chipmunks (Tamias striatus) and northern short-tailed shrews
(Blarina brevicauda) act as reservoir hosts and most frequently transmit the bacteria to ticks in
the larval and nymphal stages (Hanincová et al. 2006; LoGiudice et al. 2003).
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Vertebrate host diversity may impact local pathogen prevalence. The dilution effect
occurs when increased abundance of incompetent reservoir hosts decreases the chance that ticks
will contact reservoir hosts. Therefore, the density of infected nymphs (a standard entomological
risk metric used to estimate human risk of infection), would decrease (LoGiudice et al. 2003).
Decreased infection prevalence has been demonstrated with increased diversity of predators,
such as birds and mammals, of reservoir hosts (LoGiudice et al. 2008).
Small mammal reservoir hosts have been found hosting hundreds of ticks and infected
with tick-borne pathogens, so studies have been conducted to determine whether parasite
burdens and pathogens affect reservoir host ecology and behavior. For example, a field study
showed decreased B. burgdorferi infection was associated with fewer attached ticks on P.
leucopus, possibly correlating with better grooming behavior in those mice (Ostfeld et al. 2016).
In a laboratory setting with twenty male P. leucopus, mice were infected with B. burgdorferi
through infected nymphal ticks, but there was no increase in white blood cell immune response
or change in activity levels (Schwanz et al. 2011). A change in activity level would impact the
probability of a reservoir host contacting and infecting more ticks. Similarly, an increased
burden of ticks could be thought to impact reservoir host activity and survival. Even when mice
had up to 270 larval ticks on individual mice there were no adverse effects of increased larval
tick burdens on survival or reproduction (Hersh et al. 2014). Though parasite loads have not
been found to impact reservoir host survival, other environmental stressors, such as fear of
predation, may impact reservoir host movement and probability of contacting infected ticks
(Gaitan and Millien 2016).
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1.4 Effects of Large Mammals on Tick Densities and Infection Prevalence
Diversity of predator populations has been correlated to lower nymphal infection
prevalence, particularly of B. burgdorferi. Lower nymphal infection prevalence may occur
through direct predation of small mammal reservoir species or, in the case of omnivorous
animals such as opossums and raccoons, through the dilution effect (Ostfeld et al. 2018). Higher
human incidence of Lyme disease and higher nymphal infection prevalence has been correlated
with areas where coyotes, a resilient mesopredator, are more prevalent (Levi et al. 2012; Ostfeld
et al. 2018). Specifically, predators such as foxes and owls may change the prevalence of Lyme
disease by limiting encounter frequencies between ticks and small mammals (Hofmeester et al.
2017a).
Predators limit small mammal populations, and therefore infection prevalence of ticks
and reservoir hosts, via multiple mechanisms (Meserve et al. 2003). It has been suggested that
high frequency of predation may decrease small mammal abundance (Levi et al. 2012).
Increased presence of predators may lead to increased refuging behavior, therefore indirectly
affecting time small mammals spend foraging, either through active predation or decreased small
mammal movement and foraging due to scent and sound taken into consideration by prey species
(Laundré et al. 2014; Navarro‐Castilla et al. 2014). In a study in the Netherlands, the presence of
foxes did not correlate to decreased numbers of small mammals but to a decreased Lyme
infection prevalence, possibly due to decreased foraging behavior, part of the “ecology of fear,”
and thus fewer opportunities to contact ticks (Hofmeester et al. 2017a). Microhabitat elements
provide immediate shelter from predators for small mammals, which may contribute to changes
in infection prevalence depending on the presence of ticks within microhabitat (Manson et al.
1999).
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White-tailed deer (Odocoileus virginianus) are not competent reservoirs for B.
burgdorferi (Telford et al. 1988), but they have an important role in maintaining tick populations
and tick-borne pathogen transmission. Deer are an important blood meal host, particularly for
adult ticks, due to their large size, inability to remove ticks, and activity within tick habitat.
Fewer studies have been completed testing white-tailed deer reservoir competency for other
pathogens. Experimental infection of white-tailed deer with a strain of A. phagocytophilum
known to be pathogenic to humans showed successful infection without clinical symptoms (Tate
et al. 2005). However, I. scapularis removed from white-tailed deer tested positive for a nonhuman strain of A. phagocytophilum that was found in the blood of the deer from which the ticks
were collected (Massung et al. 2005). In a spatial modelling study, deer were poorly correlated
to human Lyme disease incidence (Levi et al. 2012). Small mammals may only travel a hectare
or so, but deer can occupy home ranges of hundreds or even thousands of hectares, depending on
resource availability, predation, and competition (Lesage et al. 2000).
1.5 Land Use Impacts
Human land use, especially habitat fragmentation and degradation, can alter the
abundance and diversity of species in the environment (McCallum and Dobson 2002).
Therefore, it is essential to the knowledge and potential management of the disease to understand
how human land use practices change vertebrate species composition and, in turn, the potential
for Lyme transmission. Timberland, which includes private forested land, comprises 68 percent
of the forested land in the United States, with economic implications from the harvesting and
processing of felled trees to the distribution and crafting of wood products throughout the
country and internationally (Oswalt and Smith 2014; Sorenson et al. 2016). However, the
detrimental impacts on ecosystems (i.e. erosion, loss of wildlife habitat, forest health) prompted
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states to adopt sustainable harvesting practices by the year 2000 (Kilgore and Blinn 2004).
Timber harvesting may degrade habitat for diverse species but create habitat for generalist small
mammal species that include many reservoir hosts for Lyme disease, such as the white footed
mouse (Fisher and Wilkinson 2005; Nupp and Swihart 1998; Sullivan et al. 2000).
Species differ in their home range sizes and their ability to occupy forest fragments. The
density of nymphs, as well as the nymphal infection prevalence and density of infected nymphs,
were correlated with smaller forest patch size in one study of 14 forest fragments ranging from
0.7 to 7.6 hectares (Allan et al. 2003). Another study found the density of nymphs and density of
infected nymphs both increased from fields to shallow forest and from shallow forest to forest
interior, meaning the risk to humans may increase near forest fragments. However, the risk to
humans was higher at the forest edge than in fields (Horobik et al. 2007). In a county-level
study, higher fragmentation of large forested areas, as well as higher fragmentation within
residential areas was associated with a higher human Lyme disease incidence (Tran and Waller
2013). As forest edge area increases with increasing fragmentation, the risk to humans may
increase, although connectivity of fragments can maintain mammal dispersal rates (Brownstein
et al. 2005).
Timber harvesting can impact forests by increasing fragmentation and changing
microclimate conditions, which has been shown to impact tick survival and wildlife
communities. After a harvest, the soil typically warms, leaf litter decreases, and the understory
cover increases (Fredericksen et al. 1999; Kellner et al. 2013). As microclimate conditions
influence off-host tick survival, the availability of shelter in leaf litter and protection from
changing humidity levels may increase tick survival (Ostfeld et al. 2006). Without native plant
regeneration, nonnative shrubs may be established, creating suitable habitat for ticks (Fagan and
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Peart 2004; Ward et al. 2018). Shrub composition can impact off-host tick survival, as studies
have shown the invasive Japanese barberry shrub impacts tick abundance as well as infection
prevalence (Williams et al. 2009). The relative humidity levels recorded by dataloggers in the
field record consistently higher humidity levels in stands with invasive barberry than in stands
without barberry (Williams et al. 2009). The presence of invasive shrub thickets will slow forest
regeneration, even without herbivory from deer (Ward et al. 2018). Potential changes in the
mammal community, both large and small, could impact blood meals available to ticks as well as
the potential for disease transmission.
Timber harvesting can affect resource availability for deer. As deer browse among trees
and shrubs, timber harvesting has been used as a management technique to increase the
production of forage for white-tailed deer (Masters et al. 1993). In response to timber
harvesting, female white-tailed deer increased their home range size to three times the original
size, which may increase the chances of introducing ticks and pathogens to novel areas
(Crimmins et al. 2015). However, chronic browsing by white-tailed deer can prevent tree
regeneration, and as deer are selective browsers, can limit the reestablishment of desirable tree
species (Arcese et al. 2014; Ward et al. 2018).
The composition of tree species remaining after timber harvesting can affect the
vegetation and cover available to small mammals (Sullivan et al. 2000). Mice and chipmunks,
common reservoir hosts for the pathogen, respond positively to the previous year’s acorn
abundance and, two years after the acorn production, an increase in the density of infected
nymphal ticks (Ostfeld et al. 2006). The resulting yearly variability of small mammal
populations may lead to discrepancies when identifying the effects of timber harvesting on small
mammals, so it was necessary to standardize the composition of tree species in study sites for
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this project (Kellner et al. 2013). In a study in hardwood forests of Indiana, researchers trapped
small mammals for two years before harvest, then harvested creating a 0.4, two or four ha
clearcut. The results showed that chipmunks increased in relative abundance with clearcut size,
while mice decreased in abundance in the four ha clearcut (Kellner et al. 2013). Within the first
10 years of a clearcut, studies show positive responses from meadow voles and deer mice, and
the potential for increasing or stable shrew populations though red-backed voles (Clethrionomys
gapperi) tend to decrease (Fisher and Wilkinson 2005). In the establishment stage, or the 11 to
25 years following a clearcut, red-backed vole populations tend to increase, and shrews may
decrease (Fisher and Wilkinson 2005). Habitat generalists, such as the white-footed mouse, have
been shown to thrive in small forest fragments (Nupp and Swihart 1998).
1.6 Tick-Borne Disease and Timber Harvesting in Maine
Forest fragmentation in Maine has increased in recent decades as the population of Maine
has grown. In 1982, the average size of privately-owned land parcels was 82 acres, but by 1993
that average had decreased to 60 acres (Maine Forest Service, 1999). As of 2009, 95 percent of
Maine timberland was privately owned (Maine Forest Service 2018). Landowner attitudes have
changed as well, since more private landowners enjoy the aesthetics of forested parcels rather
than their financial value (Maine Forest Service 2018). As land is increasingly divided into
smaller parcels, due to land inheritance or industrial land divestiture, landowner decisions
regarding forestry, land use, and development can impact forest health, sustainability, and
biodiversity (Butler and Leatherberry 2004; Jin and Sader 2006).
As I. scapularis spreads further into Maine, it is important to understand how the industry
with the largest land use footprint in the state, timber harvesting, could affect Lyme disease
transmission and potentially yield tick-borne disease management solutions. Maine is one of the
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most forested states in the United States with an extensive history of harvesting by industrial and
private landowners (Nowak and Greenfield 2012). In the late 1970s and early 1980s, land
managers clearcut forests to mitigate the massive spruce budworm outbreak. Stand regrowth is
still occurring through the state, causing a difference in understory composition compared to
canopy composition (Maine Forest Service 1999). In 2017, clearcuts accounted for 6.8 percent
of total acres harvested, and partial harvests were the primary harvesting practice (Maine Forest
Service, 2018). Precommercial thinning is a practice used in the state that allows larger trees,
greater understory light, and potential regrowth of young trees. However, this practice does not
affect the abundance of deer mice or short-tailed shrews and has been associated with increased
abundance of red-backed voles and masked shrews, all potential reservoir hosts for pathogens
(Homyack et al. 2005).
Since over 95 percent of land in Maine is privately owned, especially in the central and
southern parts of the state, these harvesting decisions are made by private landowners who do not
have access to information to make decisions regarding harvesting methods and Lyme disease
(Maine Forest Service 2018). Private landowners, those who work in harvest areas, and those
who use these areas for recreational purposes could be at high risk for Lyme disease throughout
the state (Barton et al. 2012). Currently, there is not significant literature regarding the impacts
of timber harvesting on the abundance and prevalence of Lyme disease. The research project
described in the following chapter examined the effects of timber harvesting practices on tick
densities, wildlife communities and the associated prevalence of Lyme disease.
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CHAPTER 2: THE EFFECTS OF TIMBER HARVESTING ON TICK ABUNDANCE
AND INFECTION PREVALENCE
2.1 Introduction
There are over 766 million acres of forested land in the United States, comprising 33
percent of the total land mass of the country. Forests provide a variety of ecosystem services,
ranging from carbon sequestration and maintenance of biodiversity to human-driven services
such as recreation and industrial products (Oswalt and Smith 2014). Over the past century,
ownership, use, and structure of North American forests have undergone dramatic change. Since
the beginning of the 20th century, more forests have been allowed to mature than in the previous
century, which has impacted the floral and faunal species composition within forests (Lorimer
2001). As of 2012, 68 percent (521 million acres) of the forested land in the United States was
designated as timberland, and 42 percent of forested land is privately owned by individuals and
families (Oswalt and Smith 2014). As land is increasingly divided into smaller parcels, due to
familial inheritance or industrial land divestiture, landowner decisions regarding forestry, land
use, and development can impact forest health, sustainability, and biodiversity (Butler and
Leatherberry 2004; Jin and Sader 2006). Shifts in forest ownership and use have major
implications for the ecosystem services historically provided by forests. There also is evidence
that forest change, including exploitation for timber, wildfires, and suburban fragmentation, can
alter the transmission of infectious diseases of humans and wildlife. For example, malaria
incidence increases with increased deforestation, and Ebola virus outbreaks have been associated
with higher levels of forest fragmentation (Brock et al. 2019; Hanh et al. 2014; Rulli et al. 2017).
In the northeastern and midwestern U.S., the most medically important arthropod is the
blacklegged tick (Ixodes scapularis). Ixodes scapularis transmits multiple pathogens, including
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Borrelia burgdorferi, the bacterium that causes Lyme disease, the most common vector-borne
disease in North America (Centers for Disease Control and Prevention, 2017), as well as
emergent pathogens such as Babesia microti, the etiologic agent of human babesiosis, and
Anaplasma phagocytophilum, which causes human granulocytic anaplasmosis (Steere et al.
2004). The life cycle of I. scapularis is deeply entwined with forest ecosystems, and a focus of
recent research concerns the mechanisms by which forest change can lead to increased
abundance and infection prevalence of I. scapularis.
In the northeastern U.S., I. scapularis has a two-year life cycle with three parasitic life
stages, and from late spring through early fall, each tick life stage must feed on a vertebrate host
to molt or reproduce. Juvenile ticks typically feed on small mammals such as white-footed mice
(Peromyscus leucopus), deer mice (Peromyscus maniculatus), eastern chipmunks (Tamias
striatus), and northern short-tailed shrews (Blarina brevicauda), which not only are highly
permissive blood meal hosts for ticks, but also are competent pathogen reservoirs, meaning they
can harbor and amplify pathogens and transmit pathogens to uninfected ticks (Hanincová et al.
2006; LoGiudice et al. 2003). Since ticks cannot transmit pathogens vertically, this is the only
process by which they acquire pathogens. Adult I. scapularis generally feed on large mammals,
such as white-tailed deer (Odocoileus virginianus). While-tailed deer have not demonstrated
reservoir competency for B. burgdorferi (Telford et al. 1988) or other pathogens transmitted by I.
scapularis, but deer may contribute to tick-borne disease transmission through their role as an
important blood meal host, due to their large size, inability to remove ticks, and activity within
tick habitat. White-tailed deer have been found with dozens to over a thousand attached ticks
(Wilson et al. 1985).
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Vertebrates associated with the forest ecosystem can have additional impacts on tickborne disease transmission extending beyond their importance to I. scapularis feeding ecology.
For example, diversity of predators has been correlated to lower nymphal infection prevalence.
This may occur through direct predation of small mammal reservoir species or, in the case of
omnivorous animals such as opossums and raccoons, through the dilution effect, in which the
presence of incompetent hosts deflects blood meals away from competent hosts (Ostfeld et al.
2018). Higher human incidence of Lyme disease and higher nymphal infection prevalence have
been correlated with areas where coyotes, a resilient mesopredator, are more prevalent (Levi et
al. 2012; Ostfeld et al. 2018). Increased presence of predators may lead to increased refuging
behavior, therefore indirectly affecting time small mammals spend foraging (Laundré et al. 2014;
Navarro‐Castilla et al. 2014). In a study in the Netherlands, the presence of foxes did not
correlate to decreased numbers of small mammals, but did correlate to decreased B. burgdorferi
infection prevalence, possibly due to decreased foraging behavior, part of the “ecology of fear,”
and thus fewer tick-host encounter frequencies (Hofmeester et al. 2017a).
As well, the >90 percent of the life cycle that I. scapularis spend off-host (i.e., digesting
meals, searching for the next host, or in diapause) is tightly linked to forest habitat conditions
(Ostfeld et al. 2006). Ticks are most vulnerable during the juvenile life stages due to their small
surface area to volume ratio, which leaves them vulnerable to desiccation, and their limited
ability to move to evade adverse conditions. Laboratory experiments have shown ticks are
susceptible to desiccation below 90 percent humidity, though ticks can use moist leaf litter to
behaviorally avoid dry conditions (Bertrand and Wilson 1996; Ostfeld et al. 2006; Ostfeld and
Brunner 2015; Rodgers et al. 2007). Studies have found higher human risk of infection
associated with greater composition of deciduous forest, likely due to increased humidity under
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deciduous canopy as well as cover from deciduous leaf litter (Lubelczyk et al. 2004; Tran and
Waller 2013). Vapor pressure deficit is the difference between the water vapor in the air and the
saturation potential, or a measurement of the amount of water vapor that can be lost to the air
(Seager et al. 2015). Vapor pressure deficit has been used in studies of rates of plant
transpiration, and the concept can be extended to study the likelihood that ticks may lose water to
the air, a factor which can influence tick survival (Bertrand and Wilson 1996). Different
vegetation types are correlated with different microclimatic conditions, particularly, the mean
weekly temperature and vapor pressure deficit, and can thus influence tick survival and therefore
tick population size (Lindsay et al. 1999). With higher temperatures, there are fewer questing
ticks, possibly due to ticks rehydrating in leaf litter (Berger et al. 2014). Decreased relative
humidity has been associated with lower I. scapularis questing heights, and higher saturation
deficits have been associated with lower numbers of questing ticks (Randolph and Storey, 1999;
Perret et al. 2000; Vail and Smith 2002). Furthermore, studies have demonstrated increased
questing behavior of ticks associated with greater forest canopy cover (Ginsberg et al. 2019).
Previous research has revealed that forest change and human land use can have strong
impacts on tick-borne disease transmission. Habitat fragmentation and degradation can alter the
abundance and diversity of species in the environment (McCallum and Dobson 2002), causing
rippling effects on tick densities and infection prevalence. For example, one study of ticks and
forest fragmentation revealed that density of nymphs, nymphal infection prevalence, and density
of infected nymphs were correlated with smaller forest patch size in forest fragments ranging
from 0.7 to 7.6 hectares (Allan et al. 2003). However, other studies have demonstrated increased
questing behavior of ticks associated with greater forest canopy cover (Ginsberg et al. 2019).
Nonnative shrubs also may create suitable habitat for ticks (Fagan and Peart 2004; Ward et al.
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2016). Shrub composition can impact off-host tick survival; for example, invasive Japanese
barberry impacts tick abundance as well as infection prevalence, likely due to higher relative
humidity under barberry cover (Williams et al. 2009).
Despite the economic importance of industrial and nonindustrial timber harvesting in the
northeastern U.S. and the strong links between forest habitat integrity and tick-borne pathogen
establishment and persistence, no previous research has investigated the impacts of timber
harvesting on I. scapularis densities and pathogen infection prevalence. After a harvest, the soil
typically warms, leaf litter decreases, and the understory cover increases (Fredericksen et al.
1999; Kellner et al. 2013). Because microclimate conditions influence off-host tick survival, the
availability of shelter in leaf litter and protection from changing humidity levels may impact tick
survival with consequences for tick densities (Ostfeld et al. 2006). The composition of tree
species remaining after timber harvesting can affect the vegetation and cover available to small
mammals (Sullivan et al. 2000). Resilient small mammal reservoir hosts, such as Peromyscus
spp., have been shown to repopulate soon after a harvest, while overall diversity of small
mammal species may decrease (Fisher and Wilkinson 2005; Kellner et al. 2013; Nupp and
Swihart 1998). Timber harvesting could increase forage production for deer, as timber
harvesting has been used to promote deer population growth (Masters et al. 1993). In other
cases, particularly during winter, female white-tailed deer increased their home range size to
three times the original size, which may increase the chances of introducing ticks and pathogens
to novel areas (Crimmins et al. 2015). Predators of small mammals differ in their responses to
timber harvesting. Some, such as American martens, may follow small mammals that populate
recent harvests, although higher predator abundance has been demonstrated in later forest
establishment stages than directly following harvests (Fisher and Wilkinson 2005). Therefore,
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the objectives of this study were to test the effects of timber harvesting on tick abundance and
pathogen infection prevalence and to identify potential mechanisms to explain any observed
patterns. In particular, we tested the hypotheses that timber harvesting affects: (1) densities of I.
scapularis; (2) pathogen infection prevalence of I. scapularis nymphs; (3) diversity and
population size of small mammal communities; (4) deer activity; (5) predator communities; and
(6) the microclimate of the understory.
2.2 Methods
We conducted field studies in Hancock County, Maine, an area of high reported Lyme
disease incidence (319.3 cases/100,000 people in 2018; Maine Tracking Network 2018) at the
edge of the geographic range of Lyme disease in the northeastern United States (CDC 2017). In
2018, we identified four study sites on privately and publicly owned land in the towns of
Bucksport, Mariaville, Surry, and Blue Hill. In 2019, we added a fifth site in the town of
Bucksport to increase the power of statistical tests. Two treatment levels were represented
within each of the five study sites. The harvested treatment had been harvested within the past 5
years, while the control treatment consisted of mature forest that had not been harvested in the
past 20 years. To encompass the home range of small mammals of interest, the area of each
treatment had been applied was greater than one acre.
Across all sites, the mean canopy cover at the control treatment was 86 percent and mean
leaf litter depth was 2.66 cm. The mean canopy cover at the harvested treatment was 40 percent
and the mean leaf litter depth was 3.12 cm (Table 1). To the best of our ability, we standardized
the composition of tree species in study sites for this project as studies have shown linkages
between oak masting and the density of infected nymphal ticks (Ostfeld et al. 2006; Kellner et al.
2013). Blue Hill Mountain (hereafter ‘Site 1’), was located in Surry, Maine. Privately-owned
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land in Bucksport (‘Site 2’) was located in Bucksport, Maine. Carter Nature Preserve (‘Site 3’)
was located in Surry, Maine. Privately-owned land in Mariaville (‘Site 4’), was located in
Mariaville, Maine. Moulton Pond Road (‘Site 5’), was located in Bucksport, Maine.

Table 1: The forest measurements and primary tree species of each site.
Site

Treatment

Mean

St. Error

Mean Leaf

St. Error

Percent

Canopy

Litter Depth

Leaf Litter

Canopy

Cover

(cm)

5.831

1.5

Primary tree species

Cover
1

Harvest

12

0.447

Acer spp.; Populus
tremuloides

1

Control

88

3.391

3

0.707

Acer spp.

2

Harvest

50

13.416

5.2

0.860

Acer spp.

2

Control

93

2

1.9

0.620

Fagus grandifolia

3

Harvest

55

14.748

2.6

0.40

Acer spp.

3

Control

63

4.637

1

0.274

Acer spp.

4

Harvest

49

15.116

3.7

0.539

F. grandifolia; Tsuga
canadensis

4

Control

93

2.550

3.9

1.10

F. grandifolia; Acer
spp.

5

Harvest

35

21.564

2.6

3.549

Acer spp.

5

Control

93.30

1

3.5

0.583

Acer spp.
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2.2.1 Tick Collection
To test the hypothesis that timber harvesting affects the density of I. scapularis ticks, we
collected ticks once per week at Sites 1 – 4 from June 4, 2018 to August 23, 2018 and at Sites 1 –
5 from June 10, 2019 to August 15, 2019, coinciding with periods of nymphal and larval tick
questing activity. To capture adult ticks, we collected at each of Sites 1 – 4 once at the end of
September and once at the end of October, 2018. Sampling was conducted between 0900 –
1600h. Dry, clear conditions were optimal, though some days we collected despite suboptimal
conditions (e.g., clouds, damp ground or light drizzle) to maintain consistent weekly collections.
In each experimental unit, we established a 3600 m2 grid demarcated at 10 m intervals, and we
collected ticks along delineated transects using a standard “dragging” method, wherein a 1 m2
corduroy cloth is pulled across vegetation or leaf litter and examined every 10 m for attached
ticks (Daniels et al. 2000). We dragged along two vertical transects and two horizontal transects
each 80 m in length for a total of 400 m each sampling session. All nymphal and adult ticks
species were collected and preserved in ethanol, and we used lint rollers to remove larvae from
the cloth. Each tick was identified to life stage, sex, and species (Kierans et al. 1978; Kierans
and Litwak 1989).
Because there were many weeks when no ticks were collected of a particular life stage,
we used a two-stage hurdle model (R package glmTMBB; Brooks et al. 2017) to analyze the
effects of timber harvesting on the presence and the abundance of larval and nymphal ticks. The
hurdle model first tests the hypothesis that week and treatment affect the presence or absence of
ticks in any given week, with year and site as random effects, and thus accounts for the many
zeroes in the data. The second stage of the hurdle model tests the hypothesis that, given that
ticks are present, week and treatment affect the density of ticks. Because adults were collected
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monthly, there were fewer instances when adults were not collected, so we used a mixed effects
model to test the effects of treatment on the density of adult I. scapularis per month.
2.2.2 Microclimate
To test the hypothesis that timber harvesting alters the microclimate of the understory,
potentially impacting the presence of ticks, we set iButton dataloggers (DS1922L-F5
Thermochron, Maxim Integrated, San Jose, CA) at the center of each grid. We chose a point
with canopy cover, tree species, and understory characteristics that were representative of the
treatment. To protect from animals and extreme weather, the datalogger was suspended in a
plastic cup and attached to a pole 20 cm above the ground, the approximate questing height of
adult ticks. The datalogger recorded temperature and humidity every hour from June through
August 2019.
To determine any differences in microclimate between harvested and control treatments,
we calculated the average minimum, mean, and maximum relative humidity, temperature, and
vapor pressure deficit for each site and treatment. The humidity data loggers were set to cap
relative humidity at 100 percent, so maximum relative humidity and minimum vapor pressure
deficit are constant and were therefore excluded from analyses. Once the distribution of each
climate variable was determined to be normal, we carried out mixed effects models with each
microclimate variable as the response variable, treatment and week as the predictor variables,
excluding maximum relative humidity and minimum vapor pressure deficit.
2.2.3 Small Mammal Trapping
To test the hypothesis that timber harvesting affects the diversity and population size of
small mammal communities, including important reservoir hosts for tick-borne pathogens, we
live-trapped small mammals (UMaine IACUC protocol numbers A2017-11-01 and A2018-11-
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08) at four sites during July and August using H.B. Sherman traps (LFA folding trap) for two
trap nights per month. If there were forecasts of rain or thunderstorms on the second consecutive
night, the second trap night took place on the next clear night within the week. In 2019, we
trapped Sites 1 – 3 for two nights in July and Site 4 for only one night, while all sites were
trapped only one night in August due to weather and logistical constraints. In each experimental
unit, we placed traps on the same 3600 m2 grid used for off-host tick collections, resulting in a
square grid of 49 traps with 10 m between traps. Traps were placed under cover or near logs that
small mammals may use while foraging nocturnally.
Upon first capture of a small mammal, we placed a unique numbered metal ear-tag on
one ear for identification (National Band Company, catalog #1005-1), identified the animal to
species (Reid 2006), weighed the animal in a bag to the nearest gram using a spring scale (Ben
Meadows, catalog #93013 and #93018), sexed and aged the animal, and obtained a 2 mm tissue
biopsy from the ear prior to release of the animal (Kent Scientific Corporation, catalog
#INS750078-10). We counted larval and nymphal ticks on each animal’s head and ears, a
method shown to have a strong relationship to the whole-body tick load (Brunner and Ostfeld
2008).
To test the hypothesis that timber harvesting would affect small mammal communities,
we tested the effects of treatment on capture rates, Peromyscus spp. population sizes, and species
diversity. We calculated a small mammal capture index at each site by adding the individuals
captured of all species and dividing them by the number of trap nights in the month. We
multiplied the nightly capture index by 100 and rounded to conduct a poisson generalized linear
model analyzing the effects of treatment, month, and year on the monthly capture rate. We
calculated Peromyscus spp. populations at each experimental unit using the Lincoln-Peterson
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index (Krebs, 1989). The Site 3 July population was estimated by the minimum known alive
because there were not sufficient recapture data to use the Lincoln-Peterson estimate. We did
not estimate population sizes in 2019 due to insufficient recapture data. We analyzed the effects
of treatment on 2018 Peromyscus spp. Populations using linear regression, with treatment and
month as the predictor variables and Peromyscus spp. population size as the response variable.
To determine if there is a difference in small mammal diversity between harvested and control
treatments, we calculated Shannon diversity indices (vegan package in R; Oksanen et al. 2018)
for the sites and treatments trapped in 2018 (Table 2 Supplemental Materials). We then used a
paired t-test to determine the differences in Shannon diversity between treatments. To determine
differences in small mammal foraging activity, and therefore rates of contact between ticks and
small mammal hosts, we conducted a linear model with treatment and year as the predictor
variables and the mean number of attached ticks as the response variable.
2.2.4 Camera Trapping
To test the hypothesis that timber harvesting alters the activity of deer and predators of
small mammals, we established four motion-triggered trail cameras (Browning Strike Force HD
Pro, Browning Trail Cams, catalog #BTC-5PXD) in each grid to capture deer and predator
passage rates. The cameras were placed for two-week intervals that overlapped with small
mammal trapping during each of July and August at each site. Cameras were placed at
randomly-selected locations (determined with a random number generator) within the grid in
July and rotated to new randomly-selected locations in August to capture different parts of the
grid.
The grid points at which we placed the cameras were identified with a random number
generator, at least 20 m from another camera. We then identified a tree within 3 m that was not
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obstructed by vegetation and could be seen from the marked grid point. We placed the camera
30-40 cm above the ground, facing in a direction that was not directly east or west (to avoid the
sun), and in an open area or game trail (Hofmeester 2017b). If the small mammal trap could be
placed in the view of the camera, it was. There was no bait used for camera traps to avoid
attracting predators or impacting small mammal trapping (Rocha et al. 2016). Before tightening
the lock and straps, the researcher checked that the camera was parallel to the ground, both on
the tree and in the viewfinder. When the camera was turned on, the battery level was confirmed
to be above 40 percent and the functions were checked to ensure they were on the right setting.
To ensure the camera was functional through the camera period, we set the mode to timelapse+,
so a timelapse photo was taken twice a day for an hour at a time. The shortest capture delay
ensured that, when the camera sensed an animal, there was a short time before capture and
allowed for multiple animals to be captured in an area (Meek et al. 2014).
We pooled predator species (i.e., Vulpes vulpes (fox), Canis latrans (coyote), Lynx rufus
(bobcat), Mustela freata (long-tailed weasel), Strigiformes spp. (owl species), and Canis lupus
familiaris (pet dogs)) and divided the total number of captures by the number of trap nights at
each site to create an index of predator activity at each site. To conduct a poisson generalized
linear model with treatment, year, and month as predictor variables and predator activity as the
response variable, we multiplied the daily activity index by 100 to get an index of predator
activity in 100 trap nights. To analyze the effects of treatment on deer activity, we calculated an
index of deer activity by dividing the number of deer by the number of trap nights at each site.
We then used a mixed effects model with year as a random effect, treatment as a fixed effect, and
deer activity as the response variable.
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2.2.5 Vegetation Surveys
To assess different habitat conditions across treatments and among sites, vegetation
surveys were conducted using standard methods (Lubelczyk et al. 2004). Within five randomly
selected one m2 quadrants, we measured tree canopy composition, percent canopy cover, tree
class size, shrub layer composition, ground cover, and leaf litter composition and depth.
Two researchers at a time classified tree canopy composition as deciduous (more than 75
percent of the canopy), mixed-deciduous (50-75 percent of the canopy was deciduous),
coniferous (more than 75 percent of the canopy), or open as determined by percent canopy cover
(Hély et al. 2000). Each researcher classified percent canopy cover by looking straight up at the
canopy through a forest densitometer and the observations were averaged (Lemmon 1957).
Trees within a one m radius of the center point were classified by size determined by measuring
the diameter at 130 cm above the ground, or diameter at breast height (dbh) (Witham et al. 1993,
p. 29). Tree classifications were defined as: sapling (2-10cm dbh), pole (11-25cm dbh), mature
(greater than 25cm dbh) (Lubelczyck et al. 2004 and Witham et al. 1993). Within the 1 m radius,
we classified the composition of shrubs greater than 0.5 m tall as deciduous, coniferous, mixed,
or absent in the same classification system as the canopy composition. The shrub layer density
was classified as open, sparse, moderate, or dense. Finally, we placed a one m2 quadrat onto the
ground with the center of the point in the middle to classify ground cover, low shrubs, and litter
composition and depth (Witham et al. 1993, p.43). Within the quadrat, we identified the percent
of the ground that was covered by shrubs less than 0.5 m, ferns, grass, moss or lichen, bare rock,
bare ground, tree boles, tree roots, logs, water dry leaf litter, wet litter, and soil (Witham et al.
1993, p.43). We measured the depth of leaf litter to the soil and classified leaf litter as deciduous
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(more than 75% of the canopy), mixed-deciduous (50-75% of the canopy was deciduous),
coniferous (more than 75% of the canopy), or non-existent.
2.2.6 Pathogen Testing
To test the hypothesis that timber harvesting affects the infection prevalence of I.
scapularis nymphs, 180 nymphal I. scapularis ticks were tested for B. burgdorferi, B. microti,
and A. phagocytophilum following procedures outlined by Xu et al. 2016. If fewer than 20 ticks
were collected within an experimental unit, all ticks were tested from that experimental unit.
Otherwise, to determine the number of ticks to test from the remaining experimental units, we
calculated a proportion corresponding to the total number collected at each experimental unit,
and we selected individual ticks from time points spread across the study period. Each extraction
consisted of 23 samples and one blank (a vial with all buffers and no tick DNA). Nymphal I.
scapularis ticks were bisected to expose the midgut and tissues, and DNA was extracted and
purified from tissues following the Qiagen Supplementary Protocol DY16: Purification of total
DNA from ticks using the DNeasy Blood & Tissue kit for detection of Borrelia DNA (QIAGEN,
Valencia, CA, USA).
A quantitative polymerase chain reaction (qPCR) quadruplex at the University of Maine
Cooperative Extension Diagnostic and Research Laboratory (Orono, ME, USA) amplified
extracted DNA to identify three pathogens: Borrelia burgdorferi, Anaplasma phagocytophilum,
and Babesia microti (Hojgaard 2014). The procedure included a probe for Ixodes spp. DNA to
confirm the success of the DNA extraction. Each PCR reaction was of 10µL reaction size
containing: 2µL of DNA template (extracted from ticks or control samples), 5µL of Bio-Rad i
(Hercules, CA, USA) iQ Multiplex Powermix and 3µL of premixed primers and probes (Table
2). Every 92 samples tested, 2 positive controls containing tick DNA and pathogen DNA were
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included to provide comparisons of positive samples. Two negative controls contained tick
DNA and no pathogens to test that tick DNA was properly extracted. The qPCR reactions were
completed on a Bio-Rad CFX 96 with a three minute initial burn-in at 95°C and annealingextension through 40 cycles of 95°C (15 seconds) and 60°C (45 seconds). Samples were
considered true positives if the internal tick DNA control was amplified, the target CQ(CT) value
was less than 32, and samples were positive in duplicate. Due to concerns in testing methods of
B. microti, samples that were initially positive for B. microti were tested in duplicate again with
the same protocol but substituting Bio-Rad iQ Powermix for PowerUp SYBR Green Master Mix
to ensure positives were in fact true positives.
A paired t-test was used to analyze the difference between the numbers of nymphs
infected with B. burgdorferi at control treatments versus harvested treatments.
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Table 2: Primers and probes for qPCR. The primers and probes used in the PCR analysis of DNA
extracted from I. scapularis nymphs.
Target

Gene

Type

Sequence (5’-3’)

Conc.
(nM)

Reference

Borrelia spp.

23S

FWD

CGAGTCTTAAAAGGGCGATTTAGT

500

Xu et al.
2016

REV

GCTTCAGCCTGGCCATAAATAG

500

Probe

FAM – AGATGTGGTAGACCCGAAGCCGAGTG –
BHQ 1
AATACTCTAGGGATAACAGCGTAATAATTTT

250

500
250

FWD

CGGTCTGAACTCAGATCAAGTAGGA
Cy5 AAATAGTTTGCGACCTCGATGTTGGATTAGGAT–
BHQ 1
ATGGAAGGTAGTGTTGGTTATGGTATT

REV

TTGGTCTTGAAGCGCTCGTA

500

Probe

HEX–TGGTGCCAGGGTTGAGCTTGAGATTG-BHQ1

250

FWD

CGACTACGTCCCTGCCCTTTG

500

REV

ACGAAGGACGAATCCACGTTTC

500

Probe

Tex615 – ACACCGCCCGTCGCTCCTACCG – BHQ2

250

FWD
REV

ACAGAATGCAGTCGGTGAAG
ATCAAGGAGAGTGGATAGGTTTG

1000
1000

Tick DNA
Control

MSP2

Anaplasma
phagocytophilum

MSP2

Babesia microti

18S

Babesia microti

FWD
REV
Probe

Surface
Antigen
1 (Sa1)

500

500

Xu et al.
2016

Hojgaard et
al. 2014

Hojgaard et
al. 2014

Hojgaard et
al. 2014

2.3 Results
2.3.1 Off-Host Tick Collection
A total of 3,125 I. scapularis ticks were collected through the two-year study (Figure 2).
In 2018, 1,804 I. scapularis (1,512 larvae, 266 nymphs, 26 adults), and in 2019, 1,321 I.
scapularis were collected (333 larvae, 920 nymphs, 68 adults). Other species that were collected
but not included in statistical analyses due to small sample sizes within sites were 67
Dermacentor variabilis (American dog tick) in 2018 and 254 in 2019 and 1,188 Haemaphysalis
leporispalustris (rabbit tick) in 2018 and 236 in 2019.
Hurdle models demonstrated that treatment (i.e. harvest versus control) significantly
affected the presence of nymphal (Z = 4.894; P < 0.001) and larval (Z = 3.9; P < 0.001) I.
scapularis per week but not the abundance of either nymphs or larvae given that ticks were
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present (Table 3a, b). Week did not have a significant effect on nymphal tick collection but did
have a significant effect on larval tick presence (Z = -2.92; P = 0.004). A mixed effects model
showed a significant treatment effect (F = -2.039; P = 0.041) on monthly adult tick density from
June 2018 through October 2018 (Table 3c). Similarly, tick densities were higher in the control
treatment than in the harvested treatment.
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Table 3: Hurdle model results of I. scapularis densities. Hurdle model analysis of (a) nymphal
and (b) larval I. scapularis densities with year and site included as random effects, and (c) mixed
effects model analysis of monthly adult I. scapularis densities from June through October 2018.
a. Nymphal tick hurdle model results.
Conditional model
Estimate

St. Error

Z

P

Week collected

0.011

0.024

0.469

0.639

Treatment

-0.059

0.148

-0.402

0.688

Estimate

St. Error

Z

P

Week collected

-0.03

0.061

-0.488

0.626

Treatment

2.21

0.452

4.894

<0.001

Zero-inflation model

b. Larval tick hurdle model results
Conditional model
Estimate

St. Error

Z

P

Week collected

0.013

0.16

0.798

0.425

Treatment

-1.101

1.009

-1.092

0.275

Estimate

St. Error

Z

P

Week collected

-0.149

0.051

-2.92

0.004

Treatment

1.254

0.322

3.9

<0.001

Zero-inflation model

c. Adult tick mixed effects model results.
Variance
Fixed Effects
Random Effects

Treatment
Month
collected

St.
Deviation

Estimate
-0.329

0.093

0.305

30

St.
Error
0.161

T

P

-2.039

0.041

a.

b.

c.

Figure 2: Weekly larval, nymphal, and adult I. scapularis collections. Off-host I. scapularis tick
collection of (a) The average weekly number of nymphal ticks (b) The average weekly number
of larval ticks and (c) The average monthly number of adult ticks.
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2.3.2 Pathogen Testing
A total of 185 I. scapularis nymphs were tested for three tick-borne pathogens, including
169 in 2018 and an extra 16 in 2019 (Table 4a, b). Among these, 39 (21%) were positive for B.
burgdorferi and four (2%) were positive for A. phagocytophilum. Of the 190 I. scapularis
nymphs tested for B. microti, five (3%) were positive. Two nymphs were coinfected with A.
phagocytophilum and B. burgdorferi and four nymphs were coinfected with B. microti and B.
burgdorferi. There were no significant differences between the numbers of nymphs infected with
B. burgdorferi (T = -0.651, df = 3, P = 0.5617) or B. microti (T = -0.743, df = 3, P = 0.511) at
control versus harvested areas.
Nymphal B. burgdorferi infection prevalence was higher in the sites in Surry, Maine, but
nymphal B. microti infection prevalence was higher in the site in Bucksport, Maine. A.
phagocytophilum was only found in nymphs collected at the control in Bucksport, Maine.
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Table 4: Infection prevalence of nymphal I. scapularis ticks. The percent (a) B. burgdorferi and
(b) coinfections (c) B. microti infection of nymphal I. scapularis ticks for each site and
treatment.
a.
Site
1
1
2
2
3
3
4
4

b.
Site

1
1
2
2
3
3
4
4

c.
Site
1
1
2
2
3
3
4
4

Treatment
Control
Harvest
Control
Harvest
Control
Harvest
Control
Harvest

Sample Size
20
8
37
19
39
14
19
29

Treatment

Sample Size

Control
Harvest
Control
Harvest
Control
Harvest
Control
Harvest

20
8
37
19
39
14
19
29

Treatment
Control
Harvest
Control
Harvest
Control
Harvest
Control
Harvest

Percent B. burgdorferi
15
50
24.3
31.6
17.9
21.4
21
3.4

Percent Coinfected with
B. burgdorferi
and B. microti
0
0
0
15
2.6
0
0
0

Sample Size B. microti
20
8
39
20
41
14
19
29
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Percent A. phagocytophilum
0
0
10.8
0
0
0
0
0

Percent Coinfected with
A. phagocytophilum
and B. burgdorferi
0
0
5.4
0
0
0
0
0

Percent B. microti
0
0
2.6
15
2.4
0
0
0

2.3.3 Microclimate
The mean of the minimum, mean, and maximum relative humidity, temperature, and
vapor pressure were calculated for each treatment (Table 5). Relative humidity ranged from 18.9
to 100. Temperature ranged from 5.7 C to 46.2 C (Figure 3). The datalogger was not retrieved
from the Site 4 harvested treatment.

Table 5: Mean values of microclimate variables. The minimum, mean, and maximum of
microclimate variables (RH = relative humidity, Temp = temperature, VPD = vapor pressure
deficit) at each site.
Site
1
1
2
2
3
3
4
5
5

Treatment
Control
Harvest
Control
Harvest
Control
Harvest
Control
Control
Harvest

Min RH
36.605
20.56
30.292
19.892
18.942
20.31
39.131
33.635
22.753

Mean
RH
88.434
97.648
84.191
87.940
87.915
86.412
98.611
84.811
95.413

Max
RH
100
100
100
100
100
100
100
100
100

Min
Temp
9.609
7.317
8.419
7.959
7.444
5.737
8.321
7.72
8.812

Mean
Temp
18.758
17.968
18.915
19.124
18.668
18.882
16.312
18.688
17.720

Max
Temp
37.241
46.187
34.183
42.708
40.887
45.549
31.464
31.746
36.7

Min
VPD
0
0
0
0
0
0
0
0
0

Mean
VPD
0.325
0.072
0.446
0.437
0.357
0.462
0.028
0.40
0.137

Max
VPD
2.50
8.140
2.809
6.636
6.301
7.748
1.819
2.429
4.576

The maximum temperature and the maximum vapor pressure deficit were significantly different
between treatments, as well as by week collected (Table 6). In general, the harvested treatment
had both greater maximum temperatures and greater vapor pressure deficits than the control
treatment, and varied throughout the season with generally higher temperatures at the end of the
field season, lower relative humidity at the beginning of the season, and lower vapor pressure
deficit at the end of the season. Minimum relative humidity, mean relative humidity, minimum
temperature, mean temperature, and mean vapor pressure deficit, all averaged per site and
treatment for each week of tick collection, were not significantly different between treatments
(see Appendix for model results).

34

Table 6: Summary of mixed effects models of microclimate. Model results of maximum
temperature and maximum vapor pressure deficit, averaged per week corresponding to tick
collections.
Temperature maximum
Estimate
Treatment
Week collected
Treatment*Week
Vapor pressure deficit maximum
Treatment
Week collected
Treatment*Week

Std. Error T

10.052
0.494
-0.977

2.709
0.291
0.437

0.229
-0.05514
-0.24154

0.76165
0.08183
0.12275
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Adjusted P
R2
3.711
0.152 <0.001
1.697
0.093
-2.237
0.028
2.927
-0.674
-1.968

0.112 0.00438
0.50228
0.05233

a.

b.

Figure 3: Weekly microclimate data. The maximum (a) temperature and (b) vapor pressure
deficit averaged across treatments for each week, corresponding to tick collections.
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2.3.4 Wildlife Communities
The most commonly collected small mammal species collected were Peromyscus species
(combined Peromyscus maniculatus and Peromyscus leucopus). There were 151 captures across
the control treatments and 119 captures across harvested treatments. There was a significant
effect of treatment on the individual small mammals captured per 100 trap nights (Table 7). In
general, there were more small mammals captured at control treatments than harvested
treatments (Figure 4). There was a significant effect of year on the small mammal capture
indices; small mammal captures were much higher in 2018 compared to 2019. There were
species of small mammals consistently trapped at each site and treatment (e.g., Tamus striatus,
Tamiasciurus hudsonicus, Peromyscus spp.), but others were rarely trapped (e.g., Glaucomys
volans, Blarina brevicauda) (Figure 5). There was no significant difference in Shannon diversity
between harvested and control treatments (T = 0.176, P = 0.872).

Table 7: Summary of generalized linear models of small mammal captures. Results of
generalized linear model for small mammal capture index

Year
Month
Treatment

Estimate
-1.687
0.148
-0.304

St. Error
0.144
0.105
0.106
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Z
-11.70
1.412
-2.868

P
<0.001
0.158
0.004

Figure 4: Small mammal capture indices. The means of small mammal capture indices for each
treatment and year.

1

2

3

4

1

2

3

4

Figure 5: Diversity of small mammal species. The abundance of each small mammal species
trapped at each site in 2018.
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Table 8: Peromyscus spp. population estimates. The Lincoln-Peterson Peromyscus spp.
population estimates for July and August 2018. The Carter Nature Preserve Control July
population is estimated by the minimum known alive because there were not enough data to use
the Lincoln-Peterson estimate.
Site
1
1
2
2
3
3
4
4

Treatment
Control
Harvest
Control
Harvest
Control
Harvest
Control
Harvest

July population estimate

August population estimate

15
6
25.5
40
MKA=8
3
20.8
15.75

10.8
20
12
16.5
10
7.5
26
15

Table 9: Summary of linear model of Peromyscus spp. population estimates.

Month
Treatment

Estimate
2.031
-0.544

St. error
4.948
4.948

T
0.411
-0.11

Adjusted R2 P
-0.13
0.004
0.914

Table 10: Summary of linear regression of numbers of ticks attached to small mammals. Results
of linear regression of the mean number of attached ticks at each site and treatment.
Estimate
St. Error
t-value
Adjusted R2 p-value
Year
0.042
1.559
0.027
-0.15
0.979
Treatment
-0.32
1.559
-0.205
0.841

Treatment had no significant effect on Peromyscus spp. population estimates for July and August
2018 (Table 7). There was a significant effect of month on population estimates (T = 0.411, P =
0.004), as expected due to high birth and death rates of these species (Table 9). There was no
significant difference between the number of ticks attached to small mammals between the
control (Mean = 2.56 ± 0.44) and harvested treatments (Mean = 2.94 ± 0.63 (Table 10).
In control treatments, there were 6 trail camera captures of predators in 2018 and 8
captures in 2019. In harvested treatments, there were 9 trail camera captures of predators in
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2018 and 3 captures in 2019. Treatment had no significant effect on predator activity (Table 11;
Figure 6).
In control treatments, there was a mean of 24 (96 total) captures of deer in 2018 and a
mean of 8.25 (33 total) in 2018. In harvested treatments, there was a mean of 20 (80) captures of
deer in 2018 and a mean of 13.25 (53 total) captures in 2019 (Figure 7). There was no
significant effect of treatment on deer activity (Table 12).
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Table 11: Summary of generalized linear model of predator activity index. The results of the
generalized linear model on predator activity index per 100 days.

Year
Treatment

Estimate
-0.31
-0.154

St. Error
0.397
0.393

Figure 6: The index of predator activity per treatment.
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Z
-0.781
-0.392

P
0.435
0.695

Table 12: Summary of mixed effect model of deer activity index.
Variance
Random Effect
(Year)
Fixed Effect
(Treatment)

0.001

St.
Deviation
0.024

Estimate

St. Error

T

P

0.011

0.092

0.115

0.909

Figure 7: The index of deer activity per treatment.
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2.4 Discussion
Timber harvesting dramatically alters the structure of forest landscapes, with cascading
impacts on wildlife communities and the parasites they harbor. Despite the epidemiological
importance of tick-borne disease in the northeastern and midwestern U.S. and the tight coupling
between the forest ecosystem and tick-borne pathogen transmission dynamics, no studies to date
have investigated the impacts of timber harvesting on tick-borne disease ecology. The purpose
of this project was to study the effects of timber harvesting on I. scapularis tick presence,
abundance, and the infection prevalence of those ticks, and explore potential ecological
mechanisms to explain observed patterns, including changes to the microclimate and the wildlife
community due to timber harvesting. We found that I. scapularis ticks of all life stages are less
likely to be present in areas that recently were harvested compared to control areas with no
recent harvest history. However, there were no significant effects of treatment on the nymphal
infection prevalence of any of three tick-borne pathogens that are expanding in geographic
distribution throughout the eastern U.S. (i.e., B. burgdorferi, A. phagocytophilum, or B. microti).
We investigated mechanisms to potentially explain this pattern, including timber harvesting
impacts on the microclimate of the forest understory, the small mammal community, and the use
of the forest by deer and predators. We found that harvesting led to increased maximum
temperature and maximum vapor pressure deficit, which may lead to reduced tick survival and/or
questing behavior, yet there were no significant effects of harvesting on rodent population sizes
or diversity, nor on activity of either white-tailed deer or predators of small mammals.
This research contributes to a growing body of literature that suggests forest change can
alter tick-borne disease dynamics via a range of mechanistic pathways. An increased density of
nymphs, as well as increased nymphal infection prevalence and density of infected nymphs, have
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been correlated with smaller forest patch size (Allan et al. 2003). Previous studies have found
small mammal reservoir hosts associated with increased forest fragmentation, as well as
decreased small mammal diversity within fragments (Nupp and Swihart 1996; Fisher and
Wilkinson 2005). The effects of forest changes on large vertebrate communities, whether
increasing resources for deer or decreasing predator diversity, may impact tick densities and
disease transmission (Levi et al. 2012; Masters et al. 1993; Ostfeld et al. 2018). Though there
has been research on the effects of forest fragmentation on various aspects of forest ecosystems
that contribute to tick abundance and pathogen prevalence such as wildlife communities and
microclimate, this study contributes an understanding of the ways in which forest management
may affect tick abundance. Therefore, there are possible implications for forest management
programs that may include arthropods and the diseases they vector in the future.
Based on this study, microclimate appears the most likely mechanism to explain the
effect of timber harvesting on tick densities. The maximum temperature and the maximum
vapor pressure deficit were significantly greater for the harvested treatments than the control
treatments. The maximum temperature was likely higher in harvested treatments due to
increased sunlight reaching the understory. The difference in vapor pressure deficit was likely
due to a combination of decreased canopy closure resulting in less humidity and the increased
temperature. Previous studies have shown the effects of microclimate on off-host tick survival.
Because ticks have a small surface area to volume ratio, they are susceptible to desiccation when
questing for hosts (Stafford 1994). Lab experiments have shown ticks are susceptible to
desiccation when humidity drops below 90% (Ostfeld and Brunner 2015; Rodgers et al. 2007).
In a field experiment testing the laboratory results found by Rodgers et al. 2007, there were
lower tick abundances when exposed to extended periods of relative humidity lower than 82
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percent (Berger et al. 2014). In an experiment testing ticks in enclosures in a simulated field
setting, greater daily vapor pressure deficits were associated with lower tick survival (Bertrand
and Wilson 1996). Since the microclimate datalogger recordings were most likely affected by
the canopy closure and the understory vegetation, these data simulate the microclimate
experienced by questing ticks. In laboratory studies, temperature changes were associated with
changes in the mean distance travelled by ticks, as well as the time spent in a questing posture.
Decreased relative humidity was associated with decreased questing height (Vail and Smith
2002). High saturation deficits were correlated with lower numbers of questing ticks (Perret et
al. 2000). Ticks did not quest as frequently or as high in field enclosures comparing wet to dry
conditions, and the wet areas were consistently cooler than the dry (Randolph and Storey 1999).
Tick mortality increases and development decreases in the laboratory above 30C (Ogden et al.
2004). There were fewer questing ticks associated with higher temperatures at the time of
collections, possibly due to ticks rehydrating in leaf litter (Berger et al. 2014). If ticks are not
questing at higher temperatures, probability of encountering a host and survival may be lower.
As our study found a significant effect of treatment on the number of individual small
mammals captured per 100 trap nights, but no significant effect on population size or diversity,
there may be increased small mammal foraging activity in control treatments. There could also
be increased food resources in harvested areas, whether from cut trees or increased understory
cover so small mammals (McMillan and Kaufman 1995; Prusinski et al. 2006). Previous studies
suggest other potential mechanisms linking tick density and infection prevalence to wildlife
communities. As ticks quest at different heights during different life stages, larvae and nymphs
are more likely to contact small mammals and adults are more likely to contact large animals like
deer (Mejlon and Jaenson 1997). Deer have been shown to be an important blood meal host for
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adult ticks (Hoen et al. 2009). Deer can also transport ticks to novel areas (Madhav et al. 2004).
Small mammal species differ in their capabilities to contract and transmit diseases (i.e.
competency as a reservoir host). Therefore, the accessibility of small mammal reservoir hosts to
questing I. scapularis ticks affect tick infection prevalence (LoGiudice et al. 2003). The
accessibility of reservoir hosts may be affected by the diversity of noncompetent reservoir hosts,
or by the presence of predators of reservoir hosts. Predators may prey upon small mammals,
thus decreasing the availability of hosts (Levi et al. 2012). If predation does not impact the
abundance of small mammals, predator presence may change or reduce small mammal foraging
behavior, thus reducing the time they could contact I. scapularis ticks (Hofmeester et al. 2017a).
Forest management practices have been shown to increase habitat suitability for small mammal
communities by increasing the availability of cover from predators and the availability of food
resources (Gasperini et al. 2016). In studies of the effects of forest management on small
mammal populations in Maine, the abundance of red-backed voles and masked shrews increased,
but there was no significant impact of precommercial thinning on deer mice populations or shorttailed shrew populations (Homyack et al. 2005).
Though white-tailed deer (O. virginianus) have not been shown as competent reservoir
hosts for B. burgdorferi, deer affect off-host tick densities by feeding large numbers (at times
surpassing one thousand) of adult ticks (Wilson et al. 1985; Telford et al. 1988; Rand et al.
2004). Timber harvesting can promote the growth of deer browse, and deer have been found
moving outside of home ranges to forage within recently harvested areas (Patton and McGinnes
1964; Tierson et al. 1985; Masters et al. 1993). However, the deer activity index in this study
was not affected by treatment. Deer activity may not have been affected because the size of the
sites was at least one acre, while deer can occupy home ranges of a hectare in suburban areas to

46

many hectares in rural areas (Porter et al. 2004; Lesage et al. 2000). In a study of seasonal deer
distribution, deer were more uniformly distributed during the spring and summer, but clustered
into maple and oak savannah type forests in the fall (Lindsey et al. 1999). Therefore, the deer
activity index might not be significantly different for our sites in the summer when surveying
occurred, but may be different in the fall, possibly contributing to variable tick distributions.
Deer dispersal may have affected the infection of A. phagocytophilum as research has found deer
can be experimentally infected with A. phagocytophilum and deer in the field have tested
positive for a strain of A. phagocytophilum that is not pathogenic to humans (Tate et al. 2015;
Massung et al. 2005).
While this study indicates bottom-up (i.e. microclimate) control of tick populations, there
may be top-down control that occurs throughout the year, between years, or was not captured in
this study. In an analysis of forest food webs, yearly climate variation was an important factor in
the density of infected nymphs, and diverse predator communities were associated with reduced
pathogen infection prevalence (Ostfeld et al. 2018). In communities where coyotes displace
other predators, there tends to be a higher pathogen prevalence, likely because coyotes displace
predators such as foxes that prey upon small mammals more frequently than coyotes (Levi et al.
2012; Ostfeld et al. 2018). Even when predators do not directly impact population numbers,
there are indirect effects such as the perception of risk, reduced foraging behavior, and increased
refuging behavior that may impact infection prevalence (Laundré et al. 2014; Clinchy et al.
2013). When conditions in arid regions are dry, which may extrapolate to harvested conditions,
there is more bottom-up control of small mammal populations (i.e. resource availability), but
when conditions are wet and greener, there is more top-down control (i.e. predation) (Meserve et
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al. 2003). Therefore, it is possible there could be seasonal or annual variation in the effects of
potential mechanisms on tick abundance.
Some limitations of this study include differences in harvesting intensity and the resulting
understory density between harvested treatments. The size of the treatment area, both harvested
and control, would be likely to impact the small mammal populations and the activity of large
mammals. If small mammals avoid harvested areas, they may occupy the surrounding
unharvested areas in greater densities, potentially impacting disease transmission. The
difference in the distance between harvest and control experimental units would impact the
potential for large mammals to travel between them. Additional study sites or more tested
nymphs (25 per site) (CDC 2019) would increase the power of the infection prevalence results.
From this study, further research into harvesting practices could provide information
regarding the impacts of land management on disease transmission. While this study indicates
the importance of microclimate-driven control of ticks, there could be yearly variation in
transmission dynamics that would be better determined from long-term study. Studies have
linked forest fragmentation to I. scapularis and disease prevalence and others have linked
wildlife communities to I. scapularis and disease, but this is the first contribution to the literature
documenting the effects of this important economic industry to tick-borne disease risk. As
forests are managed for their ecosystem services (i.e biodiversity, carbon sequestration, forest
health and longevity, human recreation, and industrial purposes) (Oswalt and Smith 2014), this
research evidences potential for forests to be managed for disease prevention. Just as more
sustainable forest management practices have been incorporated throughout the country, there
could be considerations for practices that include disease management while continuing to
prioritize sustainability and biodiversity.
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APPENDIX: SUPPLEMENTAL TABLES FOR CHAPTER 2
Table A.1: Results of all microclimate models
Relative humidity mean
Estimate
Treatment
Week collected
Relative humidity minimum
Estimate
Treatment
Week collected
Temperature minimum
Estimate
Treatment
Week collected
Temperature mean

Std. Error T
2.642
1.415
0.514
0.245
Std. Error T
4.186
5.005
2.465
0.866
Std. Error T
-0.400
0.428
0.418
0.074

Estimate

Std. Error

Treatment
Week collected
Temperature maximum
Estimate

0.211
0.438

Treatment
Week collected
Treatment*Week
Vapor pressure deficit mean
Estimate

10.052
0.494
-0.977

0.0653
0.0386
P

0.836
2.847

0.405
0.006
P

-0.934
5.641

0.353
<0.001
P

0.625
7.511
T

2.709
0.291
0.437
Std. Error

1.867
2.101

T

0.337
0.058
Std. Error

P

0.534
<0.001
P

3.711
1.697
-2.237
T

<0001
0.093
0.028
P

Treatment
-0.019
0.046
Week collected
-0.008
0.008
Vapor pressure deficit maximum
Estimate
Std. Error T
Treatment
0.902.22937093
0..76165

-0.419
-1.054

2.927

0.00438

Week collected
Treatment*Week

-0.674
-1.968

0.50228
0.05233

-0.05514
-0.24154

0.08183
0.12275
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0.676
0.295
P

Table A.2: Shannon diversity index for small mammals trapped in 2018.
Site
1
1
2
2
3
3
4
4

Treatment
Control
Harvest
Control
Harvest
Control
Harvest
Control
Harvest
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Shannon Diversity Index
1.18855352
1.01266311
0.5459693
0.49875847
1.09657543
1.03356205
0.70935063
0.93518215
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